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Carboxylic acids are an attractive biorenewable chemical in terms of their ﬂexibility and
usage as precursors for a variety of industrial chemicals. It has been demonstrated that
such carboxylic acids can be fermentatively produced using engineered microbes, such
as Escherichia coli and Saccharomyces cerevisiae. However, like many other attractive
biorenewable fuels and chemicals, carboxylic acids become inhibitory to these microbes
at concentrations below the desired yield and titer. In fact, their potency as microbial
inhibitors is highlighted by the fact that many of these carboxylic acids are routinely used
as food preservatives. This review highlights the current knowledge regarding the impact
that saturated, straight-chain carboxylic acids, such as hexanoic, octanoic, decanoic, and
lauric acids can have on E. coli and S. cerevisiae, with the goal of identifying metabolic
engineering strategies to increase robustness. Key effects of these carboxylic acids include
damage to the cell membrane and a decrease of the microbial internal pH. Certain changes
in cell membrane properties, such as composition, ﬂuidity, integrity, and hydrophobicity,
and intracellular pH are often associated with increased tolerance. The availability of
appropriate exporters, such as Pdr12, can also increase tolerance. The effect on metabolic
processes, such as maintaining appropriate respiratory function, regulation of Lrp activity
and inhibition of production of key metabolites such as methionine, are also considered.
Understanding the mechanisms of biocatalyst inhibition by these desirable products can
aid in the engineering of robust strains with improved industrial performance.
Keywords: tolerance, membrane damage, transporters, acid resistance, intracellular pH, biocatalyst robustness,
carboxylic acid toxicity
INTRODUCTION
Carboxylic acids are useful biorenewable chemicals that can serve
as precursors for drop-in replacements for petroleum-derived
industrial chemicals (Mäki-Arvela et al., 2007; Lennen et al., 2010;
Shanks, 2010; Carlos Serrano-Ruiz et al., 2012) and biologically-
produced polymers (Wang et al., 2011) and alcohols (Perez et al.,
2013). Much progress has beenmade in recent years in engineering
workhorse biocatalysts, such asEscherichia coli and S. cerevisiae, for
production of carboxylic acids (Lennen et al., 2010; Ranganathan
et al., 2012; Zhang et al., 2012a,b), including recent reviews for
both of these species (Abbott et al., 2009; Lennen and Pﬂeger,
2012; Liu and Jarboe, 2012).
However, in addition to our renewed interest in carboxylic acids
as biorenewable chemicals, we have had a long history of using
these compounds as food preservatives and soaps (Russell, 1991;
Ricke, 2003; Kabara and Marshall, 2010). An even more ancient
history involves the production of these compounds in the human
digestive tract (Cummings and Macfarlane, 1991) and on human
skin (Desbois and Smith, 2010). This functionality of carboxylic
acids in inhibiting microbial activity presents a challenge in the
microbial production of these compounds at a sufﬁciently high
concentration and titer to enable an economically viable process.
Microbial inhibition by products or substrates is a rela-
tively common problem in the production of biorenewable fuels
and chemicals (Dunlop et al., 2011; Jarboe et al., 2011). This
inhibitory action by carboxylic acids has already been cited as
limiting performance in both E. coli (Lennen et al., 2011) and
the cyanobacterium Synechococcus elongatus (Rufﬁng and Jones,
2012). The fact that E. coli strains have been developed that can
produce 118 g/L (1.3 M) lactic acid and 83 g/L (0.70 M) succinic
acid in deﬁned minimal media demonstrates that organic acid
tolerance can be increased by this organism (Jarboe et al., 2010).
However, these two projects were enabled by the fact that pro-
duction of the lactic and succinic acids were required to maintain
redox and ATP balance, respectively, providing a selective marker
for directed evolution (Jarboe et al., 2010). This is not possible
in all cases and thus other strategies for increasing robustness are
desired. It should be noted that titers of 0.78 M lactic acid have
also been achieved in S. cerevisiae (Rossi et al., 2010). Informa-
tion about the mechanism of inhibition can provide guidance to
metabolic engineering strategies that increase microbial robust-
ness (Dunlop et al., 2011; Jarboe et al., 2011;Wang et al., 2013) and
thus enable a more economically viable and industrially relevant
process (Chotani et al., 2000).
Here we provide a review of the current knowledge of the
mechanisms of microbial inhibition by carboxylic acids. Since
we are mainly interested in metabolic engineering for carboxylic
acid production, we focus on E. coli and S. cerevisiae. Addi-
tionally, we mainly focus on straight-chain, saturated carboxylic
acids of at least six carbons in length, such as hexanoic/caproic
(C6:0), octanoic/caprylic (C8:0), decanoic/capric (C10:0),
dodecanoic/lauric (C12:0), tetradecanoic/myristic (C14:0) and
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hexadecanoic/palmitic (C16:0) acids. Given its abundance in
biomass hydrolysate, acetic acid (C2:0) has been the focus of exten-
sive research (Mills et al., 2009) and is described here only when
there is demonstrated relevance to or lack of data for longer-chain
acids. There have been several excellent previously reviews on car-
boxylic acids tolerance (Ricke, 2003; Desbois and Smith, 2010;
Kabara and Marshall, 2010), and this work is intended to serve
only as an overview of speciﬁc concepts and to provide insight
for future studies, not a comprehensive review of all relevant
studies.
CHARACTERIZATION OF INHIBITION AS A FUNCTION OF
MOLECULE STRUCTURE AND MEDIA pH
The degree of inhibition by carboxylic acids can vary according
to molecule identity (Kabara et al., 1972; Marounek et al., 2003;
Kabara and Marshall, 2010), organism identity (Kabara et al.,
1972), strain (DiezGonzalez and Russell, 1997) and growth con-
dition (Viegas and Sa-Correia, 1995; Kasemets et al., 2006) and
thus inhibitory concentrations are not listed here. A comparative
study of inhibition by a weak acid (sorbic acid), an uncoupler (2,4-
dinitrophenol) and a carboxylic acid (decanoic acid) observed that
the carboxylic acid caused rapid cell death relative to the other two
inhibitors and concluded that the mechanism of inhibition by car-
boxylic acids must be distinct from the other two molecule types
(Stratford and Anslow, 1996). Desbois and Smith (2010) brieﬂy
review the association of molecule structure and shape with its
potency as an inhibitor, but since most of these relationships deal
with unsaturated molecules they are not discussed here. Our own
studies have shown a signiﬁcant increase in toxicity to S. cere-
visiae on a molar basis as chain length increases from 6 to 8 to
10 carbons (Liu et al., 2013b), but this strong dependence on
chain length was not observed with E. coli (Royce et al., 2013).
The difference in the octanoic and decanoic responses in S. cere-
visiae was also noted by a transcriptome-based study (Legras et al.,
2010).
It is clear from the literature that carboxylic acid toxicity
increases at lower pHvalues, particularly as themedia pHnears the
molecule pKa (Stratford andAnslow, 1996; Liu et al., 2013b; Royce
et al., 2013). Another conserved factor of carboxylic acid toxic-
ity is the link between toxicity and hydrophobicity (Zaldivar and
Ingram, 1999), similar to the trends reported for solvent toxicity
(Ramos et al., 2002). This relationship between toxicity, pKa and
molecule hydrophobicity relates to transport of these molecules
into the cell, as described in the following sections.
MOVEMENT IN AND OUT OF THE CELL
We are more interested in systems that produce carboxylic acids
than those that are challenged by exogenously-supplied carboxylic
acids. However, understanding the toxicity of these compounds
ﬁrst requires an understanding of how they enter the cell; the
bulk of the currently-available data on this topic relates to
exogenously supplied carboxylic acids. Carboxylic acids can pass
through the cellmembrane via diffusion or a transporter (Nikaido,
2003).
The distribution of carboxylic acids between their proto-
nated (HA) and ionic forms (H+ and A−) is a function of
the system pH and the molecule’s pKa, as described by the
Henderson–Hasselbalch equation
pH = pKa + log
[
A−
]
[HA]
It has been shown that for model membranes the limiting step for
membrane permeation is also a function of carboxylic acid chain
length (Evtodienko et al., 1996). Speciﬁcally, for chain lengths of
2–6 carbons, transport through the membrane is limited by diffu-
sion of the anion when the external pH is below the molecule pKa,
but limited by diffusion of the neutral form when the pH is greater
than the pKa (Evtodienko et al., 1996). For longer-chain carboxylic
acids, transport through these model membranes is limited by the
diffusion of the anionic form at all pH values (Evtodienko et al.,
1996). Changes in membrane properties that increase tolerance to
carboxylic acids are discussed below.
Generally speaking, diffusion of carboxylic acids follow Over-
ton’s Rule that membrane permeability is a function of molecule
hydrophobicity (Al-Awqati, 1999; Kamp and Hamilton, 2006).
Membrane permeability of the non-ionic form (Pm) was mea-
sured for a variety of monocarboxylic acids and related to themore
readily-available hexadecane/water partition coefﬁcient (Kp) with
a correlation coefﬁcient of 0.996 (Walter and Gutknecht, 1984) as
log(Pm) = 0.90 log(Kp) + 0.89
Accumulation of the anions within the cell has been asserted as
one of the main mechanisms of microbial inhibition by carboxylic
acids (Carpenter and Broadbent, 2009). The magnitude of this
accumulation is a function of the external anion concentration
and external pH (Carpenter and Broadbent, 2009); the biological
implication of this accumulation is discussed below. Carpenter
and Broadbent’s (2009) conclusions are consistent with Evtodi-
enko’s et al. (1996) results for carbon chains of six carbons of less.
The reason for the differences regarding longer-chain molecules is
not clear.
There has been more success in identiﬁcation of carboxylic
acid transporters in S. cerevisiae than in E. coli. The Pdr12 ABC
transporter was originally discovered during a study of sorbic (2,4-
hexadienoic) acid toxicity and was shown to contribute to organic
acid tolerance through the energy-dependent removal of carboxy-
late anions from the cell interior (Piper et al., 1998). Presumably
Pdr12 is the transporter proposed to be necessary for acquisition
of octanoic acid tolerance in other studies (Cabral et al., 2001), as
it has since been shown to contribute to octanoic acid tolerance
in S. cerevisiae, along with the Tpo1p transporter (Legras et al.,
2010). The transporter-encoding AQR1 gene has been shown to
provide protection of S. cerevisiae against carboxylic acids of six
carbons or less, but does not provide protection against octanoic
acid (Tenreiro et al., 2002). Given the recent successes in increasing
biocatalyst performance by provision of the appropriate product
exporter (Dunlop et al., 2011; Park et al., 2011), this is an area that
could possibly beneﬁt from increased attention.
MEMBRANE DAMAGE
Permeability of the cell membrane to carboxylic acids is indicative
of the solubility of these compounds in this vital structure. The
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damage caused to the cell membrane has been presented as one of
the main mechanisms of microbial inhibition by carboxylic acids
(Ricke, 2003; Desbois and Smith, 2010). A recent nanoscale imag-
ing study of membrane disruption by antimicrobial peptides was
able to visualize formation of membrane pores and their expan-
sion to the point of membrane disintegration (Rakowska et al.,
2013), though it is not yet clear whether carboxylic acidmembrane
damage proceeds in this manner.
A recent omics-wide study of an E. coli strain engineered to
produce a mixture of C8–C14 carboxylic acids to a total titer of
approximately 300 mg/L concluded that membrane stresses are
one of the major challenges faced by this strain (Lennen et al.,
2011). Membrane stress was evidenced by increased permeability
of the inner membrane to a nucleic acid dye and an 85% decrease
in cell viability associated with carboxylic acid production, where
cell viability was quantiﬁed by colony forming units relative to
the non-producing strain in the same condition (Lennen et al.,
2011). It was also noted that membrane damage associated with
carboxylic acid productionwas increased relative to challengewith
exogenously-supplied carboxylic acids (Lennen et al., 2011).
A transcriptional study of the conserved weak organic acid
response in S. cerevisiae during anaerobic growth concluded that
many of the genes activated in response to benzoate, sorbate,
acetate, and propionate are related to cell wall structure and orga-
nization (Abbott et al., 2007). Our own transcriptome analysis
of exogenous challenge of S. cerevisae with 43 mg/L (0.30 mM)
octanoic acid at pH 5.0 and 30◦C also concluded that mem-
brane damage was the most signiﬁcant effect (Liu et al., 2013b).
Further studies were performed using Mg2+ as a representative
small molecule that should be retained within the cell, but leaks
out of damaged cell membranes. Mg2+ leakage was observed to
increase in a dose-dependent manner in response to exogenously
supplied C8 and in an increasing response to chain length when
challenged with 0.30 mM hexanoic, octanoic or decanoic acids
(Liu et al., 2013b). We detected no change in membrane ﬂuidity
or hydrophobicity (Liu et al., 2013b). A short period of adapta-
tion to octanoic acid resulted in increased resistance to membrane
damage, as evidenced by decreased Mg2+ efﬂux. Note that the
importance of maintaining appropriate membrane ﬂuidity and
methods for its characterization have been reviewed elsewhere
(Marguet et al., 2006). The mechanisms of this adaptation and
the accompanying changes in membrane lipid composition are
discussed below.
In E. coli, challenge with octanoic acid in minimal media at pH
7.0 and 37◦C resulted in both a signiﬁcant decrease of membrane
polarization, indicative of an increase in ﬂuidity, and Mg2+ leak-
age at levels approximately 50%of those observedwith chloroform
treatment (Royce et al., 2013). However, after a short period of
adaptation to octanoic acid, cells became resistant to its ﬂuidizing
effect but not the membrane damage evidenced by Mg2+ efﬂux.
During this adaptation, themembrane lipid composition changed,
as discussed below, and the cell surface hydrophobicity signiﬁ-
cantly decreased (Royce et al., 2013). Consistent with this data,
our analysis of a carboxylic acid-producing strain showed that
membrane leakage, but not ﬂuidity, increased as the carboxylic
acid titer increased (Royce et al., 2013). This strain produced pre-
dominantly tetradecanoic and palmitic acids (Ranganathan et al.,
2012) to a ﬁnal titer of 600 mg/L and was characterized in minimal
media at 30◦C.
It should be noted that when Zaldivar and Ingram (1999) tested
the sensitivity of E. coli to various organic acids, including hex-
anoic acid, well above concentrations that inhibits growth by 80%,
only moderate amounts of Mg2+ leakage were detected and the
authors concluded that membrane damage was not a key compo-
nent of organic acid toxicity (Zaldivar and Ingram, 1999). This
difference could possibly be due to the fact that these authors were
studying an ethanol-producing E. coli strain in rich media.
This damage to the cell membrane can not only impact reten-
tion of valuable metabolites, such as Mg2+, but can also impact
membrane-associated cell functions. Systemswith damagedmem-
branes frequently show evidence of oxidative stress, possibly due
to decreased function of the electron transport chain (Lennen
et al., 2011; Segura et al., 2012). Recent studies and reviews of car-
boxylic acid toxicity in S. cerevisiae have noted the link between
toxicity and production of reactive oxygen species (ROS; Abbott
et al., 2009; Legras et al., 2010). A thorough black box metabolic
characterization was performed regarding octanoic acid toxic-
ity with a strain of E. coli engineered to produce octanoic acid
from octane (Rothen et al., 1998). It was shown that pulses of
octanoic acid during growth in deﬁned media resulted in transient
decreases in production of CO2 and biomass, decreased utilization
of glucose and O2 and increased production of acetate (Rothen
et al., 1998), leading this author to propose that this is evidence
of decreased aerobic respiration, possibly due to damage of the
membrane-associated electron transport chain.
CHANGES IN MEMBRANE PROPERTIES TO INCREASE
TOLERANCE
As described above, a short period of adaptation to carboxylic
acids can enable changes that increase tolerance to these inhibitory
compounds. Understanding these changes can enable metabolic
engineering strategies for increased tolerance. The extensive
knowledge regarding membrane-related solvent toxicity may also
be of use here (Ramos et al., 2002; Segura et al., 2012).
For example, it has been shown that mutant strains with
decreased cell surface hydrophobicity have increased organic sol-
vent tolerance (Aono and Kobayashi, 1997). This decrease in
hydrophobicity was attributed to an increase in lipopolysaccha-
ride content; lipopolysaccharide amino acid composition was
unchanged (Aono and Kobayashi, 1997). Our own studies have
shown that E. coli cell surface hydrophobicity decreases during
adaptation tooctanoic acid (Royce et al., 2013). Solvent tolerance is
also frequently attributed to changes in the saturated/unsaturated
ratio, cis/trans isomerization, the length of acyl chains, phospho-
lipid head groups, lipopolysaccharide composition andmembrane
hydrophobicity (Ramos et al., 2002; Segura et al., 2012). Under-
standing the genetic and molecular mechanisms of these changes
and their role in increasing tolerance can guide engineering
efforts.
The most frequently-noted changes in response to carboxylic
acid challenge, either exogenously supplied or during production,
deal with the composition of the membrane lipids. For example,
Lennen et al., 2011 study of an E. coli strain that produces free
fatty acids noted an increase in the long-chain unsaturated fatty
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acid content in the cell membrane. Our own studies of E. coli
MG1655 following 3 h of adaptation to octanoic acid at pH 7.0
showed a signiﬁcant increase in average lipid length and a sig-
niﬁcant decrease in the saturated/unsaturated ratio (Royce et al.,
2013). Our studies of octanoic adaptation of S. cerevisiae at pH 5.0
showed a similar, signiﬁcant increase in average lipid length (Liu
et al., 2013b). The saturated/unsaturated ratio was not as clear,
showing a signiﬁcant increase at moderate inhibitory octanoic
acid concentrations of 43 and 72 mg/L (0.30 and 0.50 mM), but
no signiﬁcant difference between the control samples and those
adapted to 115 mg/L octanoic acid (0.8 mM), a concentration
which decreases the speciﬁc growth rate by more than 90% (Liu
et al., 2013b).
The question remains as to whether this change in membrane
composition is a microbial strategy for increasing carboxylic acid
tolerance or a side effect of the presence of carboxylic acid and
thus its own mechanism of inhibition. Lennen and Pﬂeger (2013)
hypothesized that the decreased saturated fatty acid content was
a mechanism of carboxylic acid toxicity and engineered their
carboxylic acid-producing E. coli strain in order to restore the
saturated fatty acid content to normal levels. Their engineering
strategy was successful in increasing the saturated fatty acid con-
tent during carboxylic acid production, though levels were still
higher than that observed for the non-producing control strain.
In support of their hypothesis, viability of the carboxylic-acid pro-
ducing strains was signiﬁcantly increased in the strain engineered
for increased saturated fatty acid content (Lennen and Pﬂeger,
2013). Similar results were observed when saturated fatty acid
content was increased in order to increase E. coli ethanol tolerance
(Luo et al., 2009). These results suggest that the presence of car-
boxylic acids precludes E. coli from maintaining the appropriate
amount of saturated fatty acids in the cell membrane, leading to
decreased viability.
Contrastingly, our research team interpreted the association
between increased oleic acid (C18:1) content in the S. cerevisiae
cell membrane after short-term adaptation to octanoic acid and
increased resistance to membrane damage and growth inhibi-
tion by octanoic acid as evidence that increasing the oleic acid
content in the membrane is beneﬁcial for carboxylic acid toler-
ance (Liu et al., 2013b). We found that supplementing the growth
media with 1.0 mM oleic acid increased the C18:1 content in the
membrane to 54% (by area), relative to the 22% observed in the
control cells and 35% in the cells adapted to 0.5 mM octanoic acid.
This increased oleic acid content was accompanied by a signiﬁcant
decrease in octanoic acid-mediated Mg2+ leakage and decreased
growth inhibition by 0.5 and 1.0 mM octanoic acid (Liu et al.,
2013b). Subsequent metabolic engineering efforts were successful
in increasing the oleic acid content independent of media supple-
mentation, but not to the level needed for increased robustness
(Liu et al., 2013b). Thus, at this point it is not clear whether there
can be a general conclusion about either increasing or decreasing
saturated fatty acid content as a means of increasing carboxylic
acid robustness.
In addition to consistent reports of increased unsaturated fatty
acid content in E. coli during carboxylic acid challenge or produc-
tion, there have been consistent reports of increased cyclopropane
fatty acid content (Lennen and Pﬂeger, 2013; Royce et al., 2013).
The most common cyclopropane fatty acid in E. coli is C17:1, also
refered to as C17cyc, produced by methylation of C16:1 phos-
pholipids by the Cfa enzyme. Cyclopropane fatty acids have been
demonstrated as very important to membrane permeability to
protons and thus to survival in acidic conditions (Chang and
Cronan, 1999; Shabala and Ross, 2008). However, engineering
of S. cerevisiae to contain up to 10% (by area) C17cyc in the mem-
brane was also not helpful for carboxylic acid tolerance (Liu et al.,
2013b). The results support the proposition that it is transport of
the anion and neutral forms of the carboxylic acid, and not the
proton, that is problematic for microbial growth.
The cell membrane contains more than just phospholipids.
Alterations in the abundance or structure of other membrane
components can also impact carboxylic acid sensitivity. Disrup-
tion of ergosterol content in S. cerevisiae membranes via deletion
of erg4 increased sensitivity to undecanoic (C11:0), 10-undecanoic
(C11:1Δ10) anddodecanoic acids (McDonough et al., 2002). Note
that ergosterol is 22-carbon sterol that typically accounts for
more than 60% of the S. cerevisiae sterol content (McDonough
et al., 2002). We were unable to identify any reports of attempts
to increase carboxylic acid tolerance via increases of ergosterol
content, though it has been shown that exogenous ergosterol sup-
plementation increases tolerance to the cyclic terpenehydrocarbon
limonene (Liu et al., 2013a).
The lipopolysaccharide leaﬂet on the outermembrane provides
a substantial barrier to diffusion; the diffusion of hydrophobic
steroid probes was shown to be two orders of magnitude slower
through this leaﬂet than through model phospholipid bilayer
membranes (Nikaido, 2003). However, this means that mutations
or defects that disrupt this leaﬂet, resulting in the “deep rough”
phenotype enable increased vulnerability to compounds that enter
the cell primarily through diffusion (Nikaido, 2003). Changes in
the lipopolysaccharide structure, such as deletion of certain side
chains, can also increase weak acid sensitivity (Barua et al., 2002;
Nikaido, 2003). This is a tantalizing area of focus for engineering
tolerance to carboxylic acids.
INTRACELLULAR ANION ACCUMULATION
Transport of carboxylic acids into the cell interior, and presumably
their accumulation during production, can have a variety of effects
on cellular processes. Acidiﬁcation of the cell interior has been
recognized as a key effect of carboxylic acids (Ricke, 2003). This
acidiﬁcation can occur, for example, when the non-ionic HA form
enters the cell and then dissociates into H+ and A− ions.
Treatment with 56 mg/L (0.39 mM) octanoic acid resulted in
a drop of intracellular pH to below 5.5 for approximately 80%
of S. cerevisiae cells at 30◦C, pH 4.0 (Viegas et al., 1998). Con-
trastingly, only 30% of cells had an intracellular pH below 5.5 in
the control condition. In addition to the potential inhibition of
enzymatic processes at this low pH, this acidiﬁcation imposes a
metabolic burden through the use of the ATP-dependent ATPase
enzyme to remove the excess protons (Viegas et al., 1998). Studies
of the relationship between temperature, carboxylic acid toxicity
and intracellular pH noted that toxicity varied with temperature
while intracellular pH did not, and thus the authors concluded
that toxicity is not totally explained by the decrease in intracel-
lular pH (Viegas and Sa-Correia, 1995). Transcriptome analysis
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of carboxylic acid-producing E. coli strains showed evidence of
acid stress when analyzed in shake ﬂask cultures, but not during
growth in controlled fermentors (Lennen et al., 2011). This differ-
ence could possibly be due to differences in oxygen availability,
as oxidative phosphorylation may be needed in order to pro-
duce the ATP needed for proton export, and other stress response
components.
In addition to burdens imposed by excess protons, carboxylic
anions can accumulate to high concentrations, an effect that has
mainly been studied in regards to acetic acid. For example, E. coli
K12 strains accumulated up to 30 g/L (500 mM) internal acetate
during challenge with 4.8 g/L (80 mM) exogenous acetic acid
(DiezGonzalez and Russell, 1997). Other possibly problems asso-
ciated with anion accumulation include changes in cell turgor
(Comte et al., 2007) and disruption of key amino acid pools (Roe
et al., 2002).
Just as there are possible changes in cell membrane proper-
ties that can increase resistance to carboxylic acids, there are
changes that can help mitigate anion accumulation. Speciﬁcally,
it has been shown that when challenged with 4.8 g/L (80 mM)
acetate at pH 5.9, the K12 E. coli strain maintains an intracellular
pH of 6.8 and accumulates up to 30 g/L (500 mM) intracellular
acetate. Contrastingly, the acid-tolerant E. coli O157:H7 main-
tains an intracellular pH of 6.1 and accumulates only 18 g/L
(300 mM) intracellular acetate even when external acetate con-
centrations are as high as 9.6 g/L (160 mM) (DiezGonzalez and
Russell, 1997). The authors of this study concluded that this abil-
ity to withstand and maintain a lower intracellular pH, as well
as the production of excess D-lactate, decreased the driving force
for carboxylic acid transport and thus the magnitude of anion
accumulation (DiezGonzalez and Russell, 1997), consistent with
the conclusion of an earlier study (Russell, 1992). The genetic ele-
ments driving these differences remain unclear, but are attractive
targets for future engineering efforts. Insight provided by extensive
studies of E. coli survival in acidic conditions may provide insight
(Foster, 2004).
OTHER EFFECTS
Many transcriptome-based studies have noted activation of oxida-
tive stress response genes during production of or challenge with
various carboxylic acids (King et al., 2010; Legras et al., 2010;
Lennen et al., 2011; Ruenwai et al., 2011). Further tests in S. cere-
visiae have conﬁrmed not only increased production of reactive
oxygen species in these conditions (Teixeira et al.,2004; Cipak et al.,
2008; Ruenwai et al., 2011), but also increased activity of ROS-
scavenging catalase and superoxide dismutase enzymes (Teixeira
et al., 2004; Cipak et al., 2008). This increased abundance of ROS
in yeast has largely been attributed to damage of the cell mem-
brane and/or damage to themitochondrialmembrane (Mollapour
et al., 2008; King et al., 2010; Lennen et al., 2011; Ruenwai et al.,
2011). Damage to the mitochondrial membrane not only results
in decreased function of the mitochondrial respiratory chain, but
can also result in mutagenesis of the vulnerable mitochondrial
DNA (Piper, 1999).
There are presumably other metabolic problems imposed by
carboxylic acids, both in their neutral and ionic forms, that accu-
mulate during exogenous challenge or production. The bulk of
studies at this time have focused on the most apparent targets: the
FIGURE 1 | Summary of the major mechanisms of carboxylic acid toxicity discussed in this article. For simplicity, the cell wall/membrane(s) are shown as
a single structure. Octanoic acid (C8) is used as a representative carboxylic acid.
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cell membrane, anion accumulation and cytoplasm acidiﬁcation.
However, there are hints of other effects. For example, it has been
suggested that butyrate (C4:0) interacts directly with the leucine-
responsive Lrp molecule (Nakanishi et al., 2009; Tobe et al., 2011),
presumably due to structural similarities between butyrate and
leucine. Thus far, these studies have mainly been motivated by the
role of butyrate in regulating virulence. However, Lrp is a global
regulator of E. coli metabolism (Yokoyama et al., 2006) and this
interaction, if it extends to longer-chain carboxylic acids, could
have a signiﬁcant impact on the metabolism of producer strains.
Accumulation of carboxylate anions could increase the ionic
strength of the cell interior, potentially inhibiting the activity of
enzymes such as homocysteine transmethylase (MetE; Whitﬁeld
et al., 1970), an enzyme required for methionine biosynthesis.
Intriguingly, accumulation of the MetE precursor homocysteine,
which is itself toxic, has been shown to occur during acetate-
mediated growth inhibition (Roe et al., 2002). This inhibition of
MetE, and other ionic strength- or pH-sensitive enzymes, may
have long-reaching effects on the biocatalyst metabolism.
Problems such as these may not yet be apparent due to “mask-
ing”by responses tomembrane damage and acid stress. Once these
primary problems are addressed, other metabolic problems may
be detected.
CONCLUSION
Carboxylic acids are a tantalizing class of biorenewable chemi-
cals, but it appears that their toxicity is currently limiting further
advances in biocatalyst performance. Toxicity is largely related to
membrane damage, but additional metabolic effects warrant fur-
ther investigation. However, the assertion that addressing toxicity
could improve biocatalyst performance is tempered by Lennen
and Pfeger’s (2013) ﬁnding that metabolic engineering strate-
gies that increased carboxylic acid tolerance did not result in
increased carboxylic acid titers. It is not yet clear if other strategies
to improve robustness to these compounds will actually enable
improved biocatalyst performance in terms of yields, titers and
productivities.
Here we have brieﬂy reviewed the current knowledge regard-
ing carboxylic acid toxicity (Figure 1) and attempts to increase
tolerance. A recent review of E. coli-based carboxylic acid pro-
duction proposed engineering of carboxylic acid exporters and
regulation of membrane composition as two key areas for future
study (Lennen and Pﬂeger, 2012). We agree wholeheartedly
with these suggestions. Most pressing is the need to address
membrane damage; such work would be beneﬁcial for solvent
tolerance as well. It is not yet clear if intracellular acidiﬁca-
tion is a problem for carboxylic acid-producing strains. Other
metabolic burdens associated with production of these com-
pounds should become apparent as currently-knownproblems are
addressed.
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